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ABSTRACT
Nickel hard-surfacing alloys are replacing hard Chromium coatings due to their
excellent wear and corrosion-resistant properties. In laser cladding of these alloys,
however, these properties can vary across the height of the deposit due to an accumulation
of excess heat generated in the deposit during the process. This may result in uneven wear
of the clad parts which can be detrimental for practical purposes. The research objective is
to develop an in-situ cooling system that works in line with the laser deposition system to
extract the excess heat buildup and reduce the variation in the hardness of the Ni-based
clad alloy deposit across its height.
This thesis discusses a new network system with two-way communication between
the developed cooling system and the laser system. A thermo-electric cooling system was
decided on to act as the optimal cooling system. The two systems work in-hand with each
other to automate the process of extracting heat from the deposits. The study focusses on
developing the cooling system, integrating the system into the existing laser system, laser
deposition with the new integrated system, sample preparation and mechanical testing.
Comparative micro-hardness tests have been performed on deposits made with the new
system and without. The results indicate a significant reduction in the variation of the microhardness across the deposit along with an enhancement in the mean hardness value of the
clad material.
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1. INTRODUCTION
In recent years, laser cladding has seen a significant rise in its applications for
reasons like low dilution between clad material and base metal, low deformation of the
base metal due to minimal heat input and narrow heat affected zone (HAZ), among others.
This thesis deals with developing an in-situ cooling system for improving the homogeneity
in the micro-hardness as well as the micro-hardness of the cladding material using a Laser
deposition system available in house at Laser Aided Manufacturing Processes (LAMP)
laboratory. The working principle of laser cladding is that a stream of powdered particles
is injected into a melt pool created by a laser beam over the surface of the base material,
called substrate [1]. The heat generated by the laser beam in the melt pool melts the
powdered particles, creating a metallurgical bond between the substrate and powdered
cladding material, thus creating a deposit. Considering the economics of this process, the
additional material can be deposited precisely where desired and the minimal heat input
results in lower distortion of the substrate, thereby reducing the requirement of additional
corrective machining and its associated costs.
Tool steels, with their good wear-resistance, hardness and their edge retaining
capabilities at high temperatures are well suited to be cutting tools. Their life can be further
improved by cladding the surface of the tools with a better wear resistant and corrosion
resistant material. Conventional cladding techniques like hot rolling, explosive bonding
and weld overlaying are not possible for tool steels due to their geometric constraints.
Although another process called Diffusion cladding is termed possible with no geometric
barriers, it is still in its development stage and is not fully operational at an industrial level.
With laser cladding, the clad deposits are fully fused with the substrate with little or no
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porosity. Also, with a narrower heat affected zone, the properties of the substrate are not
affected over a wide area away from the melt pool. Laser cladding provides faster cooling
rates which allow for finer microstructure in the clad deposits improving the hardness of
the deposits. The best feature of laser cladding, in terms of its application in industry, is
that it is easy to automate and integrate into CAD/CAM and CNC production
environments. Figure 1.1 shows a schematic of the laser cladding process. The powdered
cladding material is injected into the melt pool through a powder feed nozzle in an inert
gas atmosphere.

Figure 1.1. Schematic diagram of laser cladding process
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1.1 LITERATURE REVIEW
Though there is no direct correlation between the wear-resistance and hardness of a
hard-metal alloy, hardness being an intrinsic property which depends only on composition
and microstructure while wear-resistance depends on factors like testing technique used,
properties of abrasive and environmental conditions, it was established that the wearresistance tends to increase with increasing hardness, even when different abrasion
techniques were used [2]. Archard’s equation [3] for the prediction of abrasive wear further
supports these studies by claiming a linear inverse relation between hardness and volume of
material worn. A faster cooling rate increases the hardness of Ni-based alloys which in turn
reduces the volume of material worn [4] [5] [6] [7]. Fast cooling rates can be achieved by
using fast scan speeds and lower laser power. This also signifies lower dilution between the
substrate material and the cladding material. Dilution increases with increasing laser power,
slow scan speeds and low powder feed rates [8]. Increased dilution implies longer
interaction time between laser and substrate which results in longer cool down times and
hence, slower cooling rates [9], which is not advisable for improving the hardness and wear
resistance properties. For lower dilutions, the clad hardness improves due to finer
microstructure which is a consequence of fast cooling rates [10].
As stated before, tool steels, with their good wear-resistance and hardness are well
suited to be made into cutting tools. H-13 tool steel has an average volume loss of 128.4
mm3 in its as-hardened state [11] when measured using ASTM G65 Procedure A of wear
resistance measurement. This number might be improved using hard-surfacing alloys of
Nickel over the tool steel substrate. Colmonoy 88L, a Nickel-based alloy, records a volume
loss of 18 mm3 [12] using the ASTM G65 Procedure A.
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Regarding laser cladding, Ocelik et al. [13] states that the heat accumulation during
laser cladding may significantly increase the dilution of the substrate into the deposit and
change properties of the clad layer. Many studies show a non-homogeneity in the hardness
values through the height of deposit, from the substrate, through the heat affected zone
(HAZ) and the cladding [14] [15] [16] [17] [18] [19]. Lebedev et al. [20] discussed the
damage accumulated due to wear because of a scatter in the hardness characteristics of
structural materials and concluded that a higher variation in the hardness through a material
is prone to generate higher stresses which would be detrimental to the performance of the
material. So, achieving homogeneity in the properties through the deposit is to be aimed for.
However, achieving a homogenous distribution in the hardness through the height
of a laser clad deposit might not be possible without controlling the temperature of the
substrate, particularly with regard to its cooling. The cooling should be fast enough to cool
a layer without much delay before the next layer of deposition starts to facilitate faster
cooling rates and in turn, improve hardness of the clad material. Thermoelectric modules
(TM) are P-N junction couples that extract heat from one side and transfer it to the other
when an electric current is passed through them. TM devices are useful when rapid on/off
cycling is required and when high temperature differences are necessary [21]. A 127 couple
30 Amp module generates a temperature of -35 ºC on the side from which heat is being
extracted, when run at full amperage [22]. However, the thermal efficiency of TM’s is only
about 10% of the Carnot efficiency and hence, these are justifiable when the efficiency is
not as important as size, low weight or reliability [21].

5

1.2 GOVERNING EQUATIONS
1.2.1 Determination of Heat Generated at Melt Pool. To determine the amount
of cooling required to extract the heat from the clad material during deposition, initially, the
heat generated at the melt pool is to be determined. The heat generated at the melt pool is a
function of the incident laser power, the thermal diffusivity of the substrate and clad
materials and the scan speed of the laser source. Some of the assumptions made to model
the temperature of the melt pool are that the materials are isotropic, their thermophysical
properties are temperature independent, radiation and convection heat losses are negligible
and that the laser power absorptivity is independent of the laser’s incident angle relative to
the surface of melt pool [23].
As the heat flux qm, that is, the laser energy incident on the melt pool, is a known
quantity, modeling this problem as a moving point source is applicable [23]. Equation 1
shows the solution for heat conduction into a semi-infinite substrate due to a point heat
source with the resulting temperature of the melt pool as a function of the heat generated at
melt pool, the materials’ thermal diffusivities, the laser scan speed and the duration of laser
impact [24].

T(x, y, z, t) =

(

) /

∗ exp −

(

)

+

… Eq. 1

where T(x, y, z, t) represents the temperature in K at position x, y, z of the moving heat
source in m at a time t sec, Q0 is the heat energy in J at the melt pool, ρ denotes density of
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the material in kg-m-3, V is the velocity with which the heat source travels in ms-1 and T0
represents the ambient temperature in K.
The value of the thermal diffusivity α is taken as a fractional combination of the
thermal diffusivities of the substrate and clad materials as dilution is to be considered when
dealing with laser depositions [25]. This is also true for determining the resultant thermal
conductivity of the substrate-clad combination. Equation 2 shows the thermal diffusivity
and thermal conductivity solutions for the material mixture.

α = fs αs + fc αc
K = fs Ks + fc Kc

…Eq. 2

Thermal diffusivity α is the ratio of the thermal conductivity to the product of the
density and specific heat. The cooling system should be able to extract the excess heat for
every layer, including the first layer and so, for simplicity, the model has been solved for
the first layer taking the fraction of dilution to be 50%, that is, fs = fc = 0.5. As the material
properties of Colmonoy 88 are not available, it being a new material at the time of this
report, a Ni-based alloy with similar composition, Inconel 625 has been considered for
modeling the problem. The substrate material used for modeling and experimentation is H13 tool steel. This yielded in a thermal diffusivity value of 4.9E-6 m2s-1 for the substrateclad material mixture.
For modeling a laser moving in the x-direction with a constant speed of 600 mm-m 1

, that is, 0.01 ms-1, with a beam diameter of 2 mm, for a total duration of 1 second at an

ambient temperature of 295 K, with the temperature of the melt pool being 1283 0C = 1556
K [26], a 10-mm length of deposition has been segregated into 5 parts of 2 mm,
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corresponding to the beam diameter, with the time frame at each part equal to 0.2 seconds.
So, for each segregated part, x= 0.002 m and t= 0.2 seconds. Modeling the heat input for
these inputs using Eq. 1, resulted in a Qo (part) = 479.18 W. So, for the entire layer of
deposition, total heat input Qo = 2395.9 W. Therefore, ideally, the cooling system should
be able to extract this amount of heat from a layer before the next layer of deposition.
1.2.2 Design Parameters of Thermoelectric Module. The amount of heat
extracted by the thermoelectric module from the cold side to the hot side is the summation
of the power input to the TM and the heat displaced by the temperature difference, that is,

Q total = Q input + Q displaced

…Eq. 3

The power input to the TM is electrical input and hence,

Q input = Vin * I in

…Eq. 4

The amount of heat displaced by the TM is a more complicated with the value of Q
displaced

depending on the physical characteristics of the TM like device Seebeck voltage SM,

device electrical resistance RM, and device thermal conductance KM. These, in turn, are
functions of the temperature difference ΔTmax, Imax, Vmax and temperature on hot side Th,
which can be taken from the product’s datasheet [27].
The equations for determining the Seebeck voltage, electrical resistance and the
thermal conductance of the device are given below in Equations 5-7 [27].
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SM =

KM =

RM =

…Eq. 5

(

∆

)

…Eq. 6

∆
(

∆

)

…Eq. 7

The heat displaced by the TM can be calculated from Equation 8 using the values of S M,
KM and RM as shown below [27].

Q displaced = SM Tc I - I R – KM ΔT

…Eq. 8

Where Tc denotes the temperature on the cold side of the TM and ΔT = Th – Tc

For a 127 coupled 30 Amp TM (TEC1-12730), with values of
= 30.5 , ∆

= 68

= 15.6 ,

and Th = 50 oC [28], the heat displaced by the TM for a

temperature difference of 57 K (approximated from the ambient temperature of 22 oC and
a cold side temperature of -35 oC) is calculated to be Q displaced = 5.72 W.
For a 12 V DC, 30 Amp electrical supply, the amount of heat input to the TM from
Equation 4 is Q input = 360 W, resulting in a total heat extraction of Q total = 365.72 W from
Equation 3.
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Therefore, a TM module with the above specifications takes about 6.55 seconds to
extract Qo = 2395.9 W of heat from each layer before the deposition of next layer.
The thermal resistance of the TM is the ratio of the temperature difference between
the temperature on hot side of the TM and the ambient temperature to the total heat extracted
by the TM. This is required to determine the thermal resistance necessary for the heat sink
to effectively cool the hot side of the TM. Equation 9 shows the thermal resistance of a TM
given by [27],

Rth =

…Eq. 9

For an ambient temperature of 22 oC, the thermal resistance of the TM, Rth is
calculated to be 0.076 K/W.
1.2.3 Design of Heat Sink for Cooling the TM. The design of a heat sink implies
determining the thermal resistivity of the heat sink to the fluid flow which, in this case, is
water at a temperature of 11 oC and calculating the required surface area of the heat sink to
dissipate the heat.

The circuit for thermal resistivities is analogous to its electrical

counterpart. Figure 1.2 shows the circuit diagram for the thermal resistivities of the TM, the
mating medium between TM and heat sink, and for heatsink to fluid.
Comparing this circuit to an electrical circuit, the voltage is analogous to
temperature and the current in the circuit is the total heat extracted by the TM to the heat
sink. Equation 10 shows the Ohm’s law equivalent for the thermal circuit.
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Figure 1.2. Circuit diagram of thermal resistivities of the components in cooling system

Tjunction – Twater = Q total (RTM + RMating + RHeat sink)

…Eq. 10

RTM is the same as Rth in Eq. 9, for which a value of 0.076 K/W was calculated.
Since a thermal conducting paste (Arctic Silver 5) with a conducting capacity of 99% will
be used, RMating is negligible. So, solving for RHeat sink, for a junction temperature of 50 oC,
the value of RHeat sink was obtained to be 0.03 C/W.
The thermal resistance of heat sink to water can also be determined by using
Equation 11 [29]. For our purpose, however, this equation is used to calculate the surface
area required by the heat sink to have the obtained thermal resistance from Equation 10.
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ΘSA =

∗ ∗

.

∗ .

…Eq. 11

Where, ΘSA = RHeat sink (C/W), Hc is the heat transfer coefficient (BTU/ hr sq. ft deg F), A is
the total surface area of heat sink in sq. ft, 17.57 converts BTU/min to Watts, 1.8 converts
deg. F to deg. C, 60 converts hours to minutes.
Assuming the material of the heat sink to be Copper, the heat transfer coefficient of
Water- Copper- Water interface is 70 BTU/ hr sq. ft deg. F [30]. From Equation 11, the total
surface area necessary for the heat sink is calculated to be, A = 0.9 sq. ft. ~ 144 sq. inch.
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2. MATERIALS AND THEORY
The objective of this research is to develop a rapid cooling system that works in lieu
with the laser deposition system to achieve higher hardness and more importantly,
homogeneous hardness thorough out the height of the cladding. The objective of achieving
higher hardness is possible through rapid cooling of the deposit as much of past research
and experiments prove. This is due to the fact that faster cooling restricts the elongation of
dendrites into the matrix phase, thereby achieving finer microstructure. The most prominent
phases in a Ni-based super alloy are the matrix phase, pure gamma phase (γ), intermetallic
precipitates and the carbide phases [31].
Colmonoy 88 is a Ni-based super alloy containing fine, multiple hard phases of
borides and carbides uniformly distributed in a Ni-Cr-B-W matrix [32]. These hard phases
are usually M2(B,C) and M3(B,C), where M represents W and Cr. Under certain conditions,
M6C is also stable, though this is uncommon. These hard borides and carbides raise the
cavitation and wear resistance of coatings [33] [34]. Further, matrix reinforcing compounds
like WC, B13C2 will also improve the tribological properties [34]. WC is desirable for its
properties of high hardness (>2000 HV), melting point of 2870 oC and low coefficient of
thermal expansion [35]. However, WC has the disadvantage of low heat of formation,
making it easily dissolvable by molten metals [36]. Typically, WC is the most preferred
form of carbide. But, for carbon contents below 3.8 wt%, as is the case for Colmonoy 88,
when rapidly cooled, M2C form of tungsten carbide- W2C is more stable than WC. This is
more prone to dissolution and brittle than WC, but much better than graphite formation with
too much carbon content in the composition [36].
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The objective of achieving homogeneous hardness through the deposit can be made
possible by attaining a stable temperature after cooling the deposit for every layer. This is
basically the removal of excess heat from the deposit for every layer of deposition so that
the next layer of deposition occurs at the same substrate temperature as the previous layer.
Most of the work on laser cladding has been done as a continuous process, as
observed in the literature review. That is, the laser doesn’t halt through the duration of the
deposition process. As a result, there is a problem of heat buildup in the deposit which
affects the material properties as the deposition progresses. This creates a discrepancy in
the homogeneity of the properties of the clad material. To overcome this issue, it is
proposed to cool the substrate to ambient temperature between every layer so that the
problem of heat buildup in the deposit can be minimized. This would mean that, before
every layer of deposition, the temperature of the substrate would be at the ambient
temperature and the hardness should be constant throughout. The downside to this is that
it increases the total manufacturing time for a part. Therefore, a fast cooling system that
can be controlled based on the temperature of the substrate is required. The cooling system
should adapt to changes in the substrate temperature and increase or decrease its cooling
capacity accordingly.
A Thermoelectric cooling system has been proposed as the optimal cooling system
because of its fast response time (2 seconds for a temperature difference of 80 from a hot
side temperature of 60 oC) [37], small size and its rigidity (no moving parts). Also, the
cooling capacity is a direct function of the input electrical power, which can be regulated
quite easily. For efficient heat extraction from the cold side of the TM, the heat dissipated
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from the hot side should be continuously removed using a suitable heat sink. Figure 2.1
shows the design of the TM and its water-cooled heat sink modeled in SolidWorks.

Figure 2.1. 3D modeled design of the thermo-electric module cooling system

A 127 coupled 30 Amp TM is capable of extracting about 400 W of heat by
generating a temperature of about -35 oC on the cold side. Though this might seem
promising to attain the objective of rapid cooling, during deposition the top of the deposit
is being heated up to really high temperatures. And if the bottom of the substrate is cooled
to such low temperatures, the temperature gradient becomes extremely steep, resulting in
high stresses through the deposit, which will ultimately crack. Another thing to be noted
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for Ni-based super alloys with C wt% less than 3.8 is, W 2C is more stable under rapid
cooling, which is highly brittle and not desirable. Therefore, the cooling capacity should
be controlled in such a way that the maximum cooling initiates after deposition and not
during.
Such a task can be done by the use of an Arduino linked to the TM and its power
supply in such a way that maximum power input is allowed to the TM at the end of a layer’s
deposition. So, the Arduino should also be able to figure out when the deposition of a layer
has ended. Also, the laser should turn on for the next layer’s deposition only after the
temperature of the deposit has reached the ambient to allow for homogeneity in the
hardness. For this to happen, there should be two-way communication between the
controller of the laser system and the Arduino- 1) the laser ‘off’ triggering the ‘on’ of the
maximum cooling and 2) the temperature of the deposit after reaching ambient triggering
the laser’s ‘on’ for the deposition of next layer.
For the laser controller to figure out when the temperature of the deposit has
reached the ambient, a temperature sensor that senses and transmits the signal to the
Arduino which in turn relays that information to the laser controller is required. Semiconductor diodes are suitable as temperature sensors due to their linear inverse relationship
between temperature and output voltage. Another benefit of these diodes is that they are
relatively inexpensive with high accuracy. Figure 2.2 shows the linear voltage-temperature
relationship for a IN4001 semiconductor diode [38].
As stated above, when the deposition occurs at really low temperatures (-35 oC),
the deposits are prone to cracking due to high stress generation. To avoid this phenomenon,
the electric input to the TM can be regulated by using a relay that switches between two
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Figure 2.2. Voltage-temperature characteristics of a IN4001 semiconductor diode

circuits -one circuit running at full amperage (maximum cooling) and the other running at
a fraction of the amperage to reduce the cooling effect by TM. The second circuit is to be
used during deposition to prevent excessive cooling of deposit and after the deposition is
complete for a layer, the relay switches to the full amperage circuit.
The sensor generates outputs in millivolts for different temperatures. These voltages
are to be converted by the Arduino into readable values of temperature. Arduinos display a
value ranging from 0 to 2n, n = bit size for the Arduino, for different voltages being read by
the Arduino. These values are termed as Analog-to-Digital Converted (ADC) values. The
Arduino used for the cooling system is an 8-bit Arduino Mega 2560, which displays values
between 0 and 255 for different voltage reads. By calibrating the sensor at two specific
temperatures, two ADC values can be obtained. Using this information, since the
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relationship between voltage and temperature is linear for a semiconductor diode, a linear
equation can be modeled from which the temperature being sensed by the diode can be
determined. Equation 12 shows the linear relationship between temperature and ADC
values of the Arduino after calibrating the sensor at 21.7 oC and 31.8 oC.

Temperature T (ºC) = -0.673 x ADC + 330

…Eq. 12
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3. SETUP AND DEPOSITION PROCESS
3.1. SETUP OF THE EXPERIMENT
The setup for the deposition process has been categorized into two parts- 1) the
external cooling system which consists of the substrate, thermoelectric module, the heat sink
for TM, a 12V 30 A DC power supply to the TM, a relay to switch between circuits, a 24V
6A DC power supply to the relay, a semiconductor diode to act as the temperature sensor
and an Arduino which acts as the controller to the entire cooling system, 2) the laser
deposition system which consists of the laser optics, motors for the movement of the table
in XY- plane and the laser head in Z direction, controlled by their own Arduino (Al)
programmed from a computer into which the process parameters for deposition are keyed
in. The Arduino for the cooling system (Ac) is also connected to this computer, which acts
as the gate for communication between the two Arduinos. Figure 3.1 shows the schematic
diagram for the cooling system with the above-mentioned parts integrated (TEC is the TM
module, specifically TEC-12730 and D2 denotes the diode).
Initially, when deposition of a layer is taking place, the circuit would be as in Figure.
3.1. During this stage, the amount of electrical input to the TM would be 12 V, 7.5 A as it
passes through the 4 Ohm resistor. This should, ideally, result in a heat extraction of about
90 W which isn’t too high when compared to its maximum heat extraction of about 400 W.
At the end of a layer’s deposition, the Arduino Ac registers the high temperature signals
(due to heat buildup) coming from the sensor D2 (attached to the side wall of the substrate)
and signals the relay RLY1 to change circuits to the 30 A from the circuit of 7.5 A.
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Figure 3.1. Schematic circuit diagram of the proposed cooling system

This allows the TM to operate at its maximum capacity to rapidly cool the substrate
and in turn, the deposit, to an ambient temperature (chosen as 32 oC for all the depositions).
After the Arduino Ac receives the temperature data that the substrate has reached ambient
temperature, the relay is switched back to its original state of being in the 7.5 A circuit, and
also, the temperature data is sent to the computer which instructs the Arduino of the laser
system Al to begin deposition for the next layer. Figure. 3.2 shows the circuit assembly of
the cooling system used in actual deposition process. A 0.25” copper plate was used as a
heat diffuser between the substrate and TM to evenly distribute the heat of the substrate for
uniform cooling. A thermal paste, Arctic Silver 5, was used at all mating surfaces (substrateCopper plate interface and Copper plate-TM interface). The time duration between the end
of a layer’s deposition and the start of the next layer’s deposition is termed as Dwell time
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for the rest of this thesis. Technically, this is the time required to cool the substrate to the
chosen ambient temperature.

Figure 3.2. Cooling system circuit assembly for deposition process

3.2. DEPOSITION – PROCESS AND PARAMETERS
The deposition process was carried out by the use of a Nd-YAG laser deposition
system with a wavelength of 1064 nm and a beam diameter of 1.8 mm, available in the
Laser Aided Manufacturing Processes (LAMP) laboratory at Missouri S&T. The powder
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feeder was set to deliver 0.6 grams of Colmonoy 88 powder per second. The metal powder
was gas atomized to have spherical particles with a mesh size of 80 – 270 mesh. Laser
deposition was done on H-13 tool steel substrates with a substrate size of 17 mm x 6 mm
x 6 mm cut with a Hansvedt wire EDM. The process parameters used for deposition are
listed in Table 3.1.

Table 3.1. Process parameters for depositing Colmonoy 88 on H13 steel substrate
Cladding
material

Number of
layers

Colmonoy
88

66

Layer
thickness
µm
45

Height of
deposit mm
2.25-2.5

Laser
power
W
400

Scan speed
mm/min
600

Two sets of depositions have been made. The first set was based on the analytical
results calculated using empirical formulae as shown in the Section 2 of this thesis. From
the results, when the TM is operated at 12 V 30 A, it should take about 6.55 seconds to
extract 2395.9 W of heat from every layer. So, a dwell time of 6 seconds has been
programmed into the Arduino Al for every layer of deposition. This should cool the substrate
to about 32 oC, ideally, though the actual temperature is expected to be greater due to
unaccounted factors and a reduction of about half a second of dwell for every layer.
The second set of depositions was performed using the cooling system with the
feedback system to accurately maintain the temperature of the substrate at 32 oC before the
start of every layer’s deposition. The results in terms of substrate temperature and the micro-
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hardness of the deposit after completion were compared and analyzed. The process
parameters in both these sets of depositions were the same as shown in Table 3.1. Figure
3.3 shows the deposition system available at LAMP laboratory.

Figure 3.3. Laser deposition system at LAMP laboratory

3.3. SAMPLE PREPARATION
After deposition, the deposited samples are cut along their cross-section using a wire
EDM to minimize the HAZ and distortion of the samples during cutting. After the samples
have been cut, they are mounted in Bakelite using a mounting press operated at 4400 psi for
9 minutes (4.5 minutes of heating and 4.5 minutes of cooling). The mounted samples are
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then placed in a semi-automatic grinder/polisher and wet grinded using grits of 180, 320,
400, 600, 800 and 1200 until most of the surface scratches are removed. They are then
polished using polishing pads sprayed with SiC particles of grit sizes- 9 microns, 6 microns
and 1 micron. After polishing at 1 micron, the samples are vibrated ultrasonically for 20
minutes to eject any particles of SiC embedded in the surface during polishing. The samples
are then cleaned using isopropyl alcohol for further polishing at 0.05 microns using diamond
particles suspended in water. After vibrating them ultrasonically for another 15-20 minutes,
the surface of the sample is cleaned using isopropyl alcohol to achieve a mirror finish for
hardness testing and micro-structure evaluation. Figure 3.4 shows the mounted samples
after sample preparation for the two sets of depositions.

Figure 3.4. Mounted deposited samples for analytically determined parameters (left) and
automated TM system (right)
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4. TESTS AND RESULTS
The micro-hardness of the deposited samples was measured using the Vickers
hardness test method – ASTM E-384. This test consists of indenting the surface of the
material being tested with a diamond indenter in the form of a right pyramid with the angle
between the opposite faces of 136o. The load required for the indentation can range between
1 and 100 kgf. Since the test indentation is small, Vickers test for micro-hardness is useful
for testing thin samples or for accurately testing the change in hardness of a section [39], as
is the case for our deposits. The Vickers hardness is the ratio of the load to the area of the
indentation in mm2. Figure 4.1 shows a schematic diagram of the process for determining
the hardness value [40].

Figure 4.1. Vickers test indentation for determining hardness of a material
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From the indentation, the Vickers hardness is calculated by using Equation 13, taken
from ASTM-E384-11E1 [41].

HV= 0.0018544 * P/d2

… Eq. 13

Where, HV = Vickers hardness value. P= load applied in N, d= mean diagonal length
of indentations (d = (d1+d2)/2).

Micro-hardness of the samples after deposition was measured using Struers
Duramin 5 Micro-hardness tester with an applied force of 1.96 N for 10 seconds. The
advantage with this tester is that it computes the value of d using optical measurement and
outputs the value of HV instantly. The optical measurement was done using a 40x lens.
Measurements for micro-hardness were taken for every 0.1 mm along the height of the
deposit, which corresponds to a measurement for every 2 layers of deposition. The substrate
temperature was noted from the PC display at the end of every layer’s deposition.
For the first set of depositions, that is, the depositions made using the analytical
results, three samples were deposited with a dwell time of 6 seconds for 50 layers. This has
resulted in a mean substrate temperature of 33.6 oC which is close to the required value of
32 oC. Depositions for a dwell time of 4 seconds have also been performed, the reason for
which is explained in the Discussions section. The mean substrate temperature of the
samples for the dwell times are shown in Figure. 4.2.
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Figure 4.2. Mean substrate temperature of the samples for dwell times of 4, 6 seconds

The micro-hardness variation along the height of the deposit for the two dwell cases
is shown in Figure 4.3.

Variation of micro-hardness through deposit
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Figure 4.3. Micro-hardness profile along the height of deposits for dwell times of 4, 6
seconds
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From the graphs, it is observed that as the dwell time increased between the layers,
the curve for temperature of the substrate became flatter and stabilized at around 33.6 oC.
The micro-hardness variation for these deposits show smaller variations in the 4 second and
6 second dwell cases. It is noted, however, that the average micro-hardness value for the
deposits with 6 second dwell is lower than that of the 4 second dwell deposits. The cause
for this to occur is analyzed in the Discussions section below.
For the second set of depositions, the automatic cooling system with feedback
control was used. The process parameters remained the same as in Table. 3.1. 10 samples
of 66 layers have been deposited. Figure 4.4 shows the substrate temperature over a
deposition of 66 layers. Though data has been obtained for the ten samples, only 3 of these
samples are shown in the figure to make the curves distinguishable from each other
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Figure 4.4. Substrate temperature of deposits with Automated cooling system
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It can be observed that the temperature of the substrate was around 35 oC during
deposition, never deviating too far from the threshold. This should result in a homogeneous
profile for the micro-hardness across the deposit. The temperature curves, as the deposition
progresses, tend to bend for layers beyond 40. This is due to the placement of the
temperature sensor which is at the center of the substrate. As the deposit gets taller, the
sensor gets further away from the location of the melt pool and is more influenced by the
cooling system than the laser beam and so, the rise in temperature as noted by the sensor is
slightly lesser for these layers. However, since the height of the deposits is relatively small
(about 3 mm), this should not affect the micro-hardness results of the deposits.
Since this is an automated cooling system, the dwell times may not be constant for
every layer and will depend on the temperature data being read by the Arduino Ac. Figure
4.5 shows the dwell time profiles for the three samples chosen for display in Figure. 4.4.
The micro-hardness profile for the deposit should show a gradual increase as the
dilution lessens between the H-13 tool steel substrate and the clad Colmonoy 88. Past the
dilution zone, the variation in the hardness should be low showing a flat curve which
indicates nearly constant hardness throughout the rest of the deposit. The micro-hardness
profiles for the ten deposited samples is shown in Figure 4.6 which illustrates this reasoning.
The dilution zone ends after about 7 layers which can be observed with the curves
stabilizing after the 7th layer, indicating a homogeneous value of micro-hardness in the
deposited clad material.
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Figure 4.5. Dwell time profiles for three samples deposited using Automated cooling
system
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Figure 4.6. Variation of micro-hardness across height of deposit for ten samples
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Another hypothesis that was tested was that the micro-hardness results should be
relatively similar if the process parameters were adjusted in anyway so as to maintain the
net energy density of the melt pool, the same. The only change should be observed in the
total dwell time of the deposit. For this, the laser power, scan speed and the powder feed
rate were doubled so that the net energy density remained constant as that of the previous
parameters. So, for this deposition, laser power= 800 W, scan speed = 1200 mm/min,
powder feed rate = 1.2 g/sec. 10 samples have been deposited using these new parameters.
As the parameters were all doubled, it is expected that the total dwell time for the deposition
should also double or be close to double. The mean results for the substrate temperature, the
dwell times and the micro-hardness are shown in Figures 4.7 – 4.9.
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Figure 4.7. Mean Substrate temperature of the ten samples deposited using new
parameters
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It can be seen from the graph that the mean substrate temperature for the new
deposition parameters did not change much from the previous set of depositions. The trend
of the temperature remained the same with the rise in temperature slower as deposition
progressed for the last layers.
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Figure 4.8. Mean dwell time of the samples deposited with new parameters

It can be observed from the graph that the dwell times between layers for deposits
with the new parameters are significantly higher than for the deposits of the previous
parameter. The mean total dwell time of the previous parameter deposits was 386 seconds
while that of the new deposit was 551 seconds. Though this is not a doubled value of the
previous deposits’ mean dwell time, the significant increase indicates that the hypothesis of
increased mean dwell time was correct.
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The micro-hardness plots for the deposited samples with new parameters did not
vary much from their previous counterparts and this was also expected as the mean energy
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density of the melt pool remained the same.
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Figure 4.9. Micro-hardness profile of ten samples deposited with new parameters

Table 4.1. shows a comparison between the results of the three sets of depositionsdeposition using parameters from analytical equations, deposition with automated cooling
system for 1st set of parameters, deposition with automated cooling system for 2nd set of
parameters. Since the analytical set of depositions were made only for 50 layers, the results
of the other two sets of depositions are also interpolated for 50 layers to maintain a balance
in comparison.
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Though these results are promising, they are not without limits. Since the entire
cooling system runs on the temperature being sensed by the temperature sensor placed at
the center of the side wall of the substrate, as the height of the deposit increases for taller
deposits, the effect of the cold side of the TM is greater than the heat energy from the laser.

Table 4.1. Comparison of the results from three different sets of depositions
Parameters

Mean dwell time

Micro-hardness HV

Variation in HV

(seconds)

(after dilution zone)

%

Analytical- 6 second 300

832.2610

15.580

Auto. TM cooling-1 353

882.8571

11.489

Auto. TM cooling-2 456

885.8250

11.447

This creates a bias in the results obtained, making the system think the substrate is
cool when the deposit still hasn’t reached the chosen ambient temperature. This is illustrated
in Figure 4.10. Since the distance d2 < d1, the value of the temperature at the sensor will be
less than the actual temperature at the melt pool which will invalidate the results obtained
by this system. To determine the validity of the system for our deposits, three depositions
have been made with the process parameters of Table 3.1 with no limit on the number of
layers deposited. The idea here is that after the validity of the system has been void, the
variation in the hardness of the deposit increases and this marks the cladding height that can
be successfully deposited with valid results. The mean micro-hardness of these deposits is
shown in Figure 4.11 with the start of variation in the resulted marked in red.
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Figure 4.10. Schematic diagram showing the dominance of the TM over the heat from
melt pool at the temperature sensor
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Figure 4.11. Micro-hardness plot to determine validity of the cooling system
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From the plot, it is observed that the variation in the hardness of the deposit starts at
a height of about 5.1 mm and increases as the deposition progresses. So, for the Colmonoy
88- H 13 system, the automated cooling system is valid up to a height of about 5 mm for
sensor location at the center of the side wall of the substrate.
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5. DISCUSSION OF TEST RESULTS
From Figure. 4.3, it is noted that the micro-hardness value of the 6 second dwell
deposit is lower than the 4 second dwell deposit. The reason for this is a combination of
several factors like the high cooling rate during deposition, the high content of W in the
original powder composition and the longer dwell time. The TM was running at full
capacity, extracting about 360 J every second, even during deposition. So, for a dwell time
of 6 seconds and a deposition time of 1 second, for every layer, the heat extraction is
substantial. From previous research, Gassman [36] has noted that at carbon content >0.35
%, for rapid cooling from high temperatures, tungsten hemicarbide W2C is more stable than
WC. W2C is a dark phase which is prone to dissolution and highly brittle. The high amount
of free W in the original composition (17 wt%) reacts with the unstable WC during
deposition at elevated temperatures to form W2C. Zhao et al [42] gives the reduction
process from tungsten trioxide to form free W which in turn form tungsten hemi-carbide.
However, since ample amount of free W is already present in the composition, this free W
combines directly with tungsten carbide to form tungsten hemicarbide. Equation 13 gives
the chemical reaction for this to take place [42].

W + WC

W2 C

… Eq. 13

As a result, the formation of W2C is significant in the 6 second dwell deposit
compared to the rest of the deposits and results in the surface of the deposit becoming highly
brittle which can crack under the minimal of loads. This is observed during the microhardness test, when the surface of the deposit cracked under a load of 1.96 N from the
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indenter, shown in Figure. 5.1. This results in the reduction of hardness, observed in the
hardness profile of Figure.4.3.

Figure 5.1. Cracked surface of the 6 second dwell deposit from a load of 1.96 N of the
indenter for 10 second

In order to prevent the formation of W2C, three factors can be modified. The
composition of the powder can be changed to have lesser W, which is not possible as the
composition is decided by the manufacturer, the heat energy input to the deposit can be
reduced to de-stabilize the formation of W2C at elevated temperatures, which is also not
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possible as a dense deposit might not be possible. The third factor is the reduction in cooling
rate during deposition. This can be controlled by lowering the current to the TM during
deposition to reduce the formation of W2C during solidification. This implies a reduction in
the dwell time between layers which is what the 4 second dwell has proved, showing a
significant increase in the hardness of deposits, Figure. 4.3. Figure 5.2 shows the
comparison between the deposits of the 6 second dwell and 4 second dwell with the 6 second
dwell deposit significantly darker due to the presence of W2C. Both the images are taken
under the same lighting conditions with the same process parameters and have not been
modified in any way.

Figure 5.2. Microstructure images of 4 second dwell (left) and 6 second dwell deposits
(right) with the presence of W2C (dark phase) in the right image
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The same principle of reducing the cooling rate during deposition is applied when
the automated cooling system was used. This has resulted in higher hardness as well as,
more importantly, constant hardness throughout the deposit as seen from Figure. 4.6 and
Figure. 4.9.
The increase in the hardness value is due to the reduction in the size of the dendrites
which in turn signifies a reduction in the grain size. A dendrite from a nucleation site
continues to grow until it reaches another dendrite formed by another nucleation site. If
there exists a higher number of nucleation sites, the size of the dendrites will be smaller. At
lower cooling rates, the nucleation sites within the material during solidification are less
than at higher cooling rates. So, for solidification with high cooling rates, the size of the
dendrites is much smaller which improves the mechanical properties of the material. Figure
5.3. shows a comparison in the size of the dendrites formed with the automated cooling
system and with no external cooling.

Figure 5.3. Dendritic microstructure of deposits without (left) and with (right) automated
TM cooling
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The left side image shows an unetched sample with the dendrites elongated and
extending up towards the top of the deposit. This is because, as deposition occurs
continuously, the top of the layer gets cooled the last as that is the hottest zone. This creates
a cooling gradient from the bottom to the top of the deposit which results in the orientation
of the dendrites as shown in the figure. Also, since there exists no external cooling, the
cooling rate is lower and this results in the formation of larger dendrites.
The right-side image of Figure. 5.3 shows an etched sample with the dendrite sizes
much smaller and randomly oriented which results in better mechanical properties. As the
cooling rate is significantly higher, the numerous nucleation sites inhibit the elongation of
dendrites and so the dendrite size decreases. As for the random orientation of the dendrites,
when a layer is deposited and cooled, the dendrites orient themselves in a particular fashion.
After cooling, when the next layer is deposited, the dendrites of the previous layer get remelted and break-up. This is called recalescence [43]. When they solidify once again, their
orientation is different from what it was before and this leads to their random orientation.
This differs from their formation in the left side image as no cooling period is provided for
them to cool down between layers and so the dendrites only solidify at the end of deposition
and thereby their orientation cannot be changed. The average dendrite size in both cases is
given in Table. 5.1.
Another consequence of rapid cooling with the automated cooling system is the
reduction in the size of carbide particles in the deposits which relates to finer grain size and
overall better mechanical properties. The weight fraction of the elements remained the same
in the deposits as it is in the powder before deposition. The only change occurs in how the
elemental particles are distributed across the deposit.
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Table 5.1. Average dendrite size of deposits with and without TM cooling
Type of deposit

Average dendrite size µm

Without TM cooling

71.68

With TM cooling

13.53

It was observed that in deposits with no external cooling, the size of the Tungsten
carbide particles is large and concentrated whereas in the deposits with TM cooling, the
particles are broken down with more uniform scattering across the deposit. This leads to
uniform and improved properties, micro-hardness in this case. Figure. 5.4 shows the
comparison in the size and distribution of carbide particles in deposits with and without TM
cooling.

Figure 5.4. Size and distribution of carbide particles (white) in deposits with (left) and
without (right) automated TM cooling
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Another important feature of this work is the homogenous distribution of the microhardness across the deposit. This is a result of the cooling periods provided between the
deposition of layers. By cooling the substrate, making sure that the temperature never
exceeds a preset value at any point in the deposition process, it was possible to maintain the
micro-structure of every layer, the same, across the height of the deposit. With similar
micro-structures, the mechanical properties of the deposit through its height will be
homogeneous, as proven in the hardness profile, shown in Figure. 4.6 and Figure. 4.9. Figure
5.5 shows the micro-structural images at various heights of a deposit with the automated
cooling system. It can be seen that the micro-structure at every stage of the deposit is the
same.

Figure 5.5. Microstructure of deposit at (clock-wise) base, 25 % height, 50 % height and
the top of deposit.
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6. CONCLUSION
In this research, development of an in-situ cooling system to obtain homogeneous
micro-hardness of Colmonoy 88 deposits was performed. An extensive study of the laser
parameters including, but not limited to, laser power and scan speed was done as the design
of the cooling system depends on the amount of excess heat it should extract from the
deposits. After testing different cooling systems like air cooling, water cooling through
pipes, a thermo-electric mode of cooling was chosen as the optimal cooling design due to
various factors like fast response time, high cooling rates, in-expensive parts and ease of
control. To obtain the maximum efficiency from the TM cooling module, a suitable heat
sink for heat extraction has been designed. On completion of the cooling system design, this
system has been integrated into an existing laser deposition system so that the two systems
work together to obtain the required output of homogeneous hardness in laser clad deposits.
With this integrated system, a significant improvement in the hardness value of the
Colmonoy 88 deposits was observed. The hardness value increased to an average value of
885 HV from the company rated hardness value of 727 HV. Along with an increase in the
value of HV, the most significant feature is the homogenization of the hardness across the
height of the deposit. From literature review, most of the work on laser cladding has only
been done on improving the hardness value but not on reducing the variation in the value
across deposits. Using this integrated automatic cooling system, the variation in the hardness
of the Colmonoy 88 deposits was minimized. The average variation of HV has been reduced
to 11.5% with TM cooling system from 36.45% with no external cooling system. By doing
so, uniformity of the properties across the material increases and the assumption of isotropic
properties while simulating models increases in validity to achieve better results.
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